Ten grape rootstocks were subjected to moisture and salinity stress in two separate experiments. The influence of these stresses on gas exchange, water relation, and biochemical parameters was monitored at various stages of stress cycle. Both stresses indicated significant changes in the physiological and biochemical parameters studied. Some biochemical constituents increased by several folds in few rootstock cultivars which also recorded increased osmotic potential suggesting their role in osmotic adjustment. Some of the rootstock cultivars such as 110R, 1103P, 99R, Dogridge, and B2/56 recorded increased phenolic compounds under stressed conditions. The same rootstock also recorded increased water use efficiency. The increased accumulation of phenolic compounds in these cultivars may indicate the possible role of phenolic compounds as antioxidants for scavenging the reactive oxygen species generated during abiotic stresses thus maintaining normal physiological and biochemical process in leaves of resistant cultivars.
Introduction
Water scarcity and soli salinity are the major hurdles for grape cultivation as the majority of the area under grape cultivation is concentrated in the semiarid tropical climate of India. The combined effect of these two abiotic stresses in these regions contributed to a decline in the productivity of own-rooted vineyards. Hence, interest in grape rootstocks has intensified, owing to the problems of salinity and drought. Over dependence on a single rootstock Dogridge necessitated the growers to use other rootstocks as some rootstocks cannot perform well under all soil and climatic conditions. Rootstocks are known to influence physiology and biochemical process of the grafted scion varieties as evidenced by several studies. Hence, it is necessary to study the mechanisms by which rootstocks respond to drought and salinity stresses. Rootstocks have been reported to alter the water status and gas exchange parameters of scion varieties in both potted [1] and field conditions [2] . The most important mechanism is that rootstocks genotypes have a major influence on root density [3] although the distribution of grapevine roots is significantly dependent on both soil characteristics and vine spacing.
Salt stress in higher plants is regulated by a number of physiological and biochemical processes. High level of salt causes an imbalance of cellular ions resulting in both ion toxicity and osmotic stress causing a production of active O 2 species (AOS) as superoxide, hydrogen peroxides, and hydroxyl radicals [4] . To reduce AOS induced damage, plants have evolved intricate antioxidative systems, involving antioxidant enzymes, as well as low molecular weight secondary metabolites such as ascorbate, glutathione, tocopherols, carotenoids, and phenolic compounds [5] . Biological and antioxidant properties of phenolic compounds among other metabolites have extensively been studied [6] . Protein and secondary metabolites of leaves from a variety of plants have been examined and were found to be promising as markers, such as dehydrin, and ASR proteins (abscisic acid ripening induced proteins), under moisture stress conditions. Different plant species and genotypes within a species respond differently to salt and water stress. So the objective of the present study was to determine the changes in physiological and biochemical components in the leaves of different grape rootstocks subjected to moisture and salinity stress during different stages of stress cycle.
Materials and Method

Location and Plant Materials.
The experiment was conducted in two separate sets each one for moisture stress and salinity stress at the research plots of National Research Centre for Grapes, Pune. Ten rootstock varieties belonging to different Vitis species were used in the study. The details of rootstocks used with their species or parentage are as follows: Hardwood cuttings of the selected rootstock varieties were taken from rootstock mother blocks and planted for rooting in polythene bags filled with soil, sand, and farm yard manure. When the cuttings attained about 3 months age they were transplanted to plastic pots containing soil, sand, and farm yard manure in the proportion of 2 : 1 : 1. The plants were irrigated, fertilized, and protected with regular management practices for six months to develop sufficient root and shoot systems.
Soil Moisture Stress Studies.
Six-month rootstock vines were selected for evaluating rootstocks for moisture stress tolerance and all the rootstocks were divided into two groups each having 10 pots. One group received full irrigation regularly while the other group received 50% irrigation calculated as per the field capacity. The moisture stress cycle was imposed for 21 days. At regular intervals observation on gas exchange parameters (photosynthetic rate, transpiration rate), water relation parameters (relative water content, water potential, and osmotic potential), and biochemical parameters (total phenols, reducing sugars, proteins, and proline) were recorded.
Salinity Stress Studies.
In this study selected rootstocks were grouped into two categories of 10 potted plants each, in which one group received salinity treatment of 2 dS m −1 and the other received 4 dS m −1 . The salinity stress was created by calculating the quantity of sodium chloride required to reach 2 and 4 dS m −1 of soil salinity. The desired quantity of salt was dissolved in water and irrigated on alternate days in the stress cycle of 25 days. All the gas exchange, water relation, and biochemical parameters were recorded in similar ways as explained above.
Gas Exchange Parameters.
Gas exchange parameters such as photosynthetic rate and transpiration rate were measured using an infrared gas analyser (Licor Biosciences, Lincoln, NE, USA) in the leaves before they were sampled for estimation of various biochemical constituents. The readings were measured in full sunlight between 10:00 and 12:00 noon. Photosynthetic rate was expressed as mol CO 2 m −1 sec −1 while the transpiration rate was expressed as mmol H 2 O m −2 sec −1 . Water use efficiency at the level of a single leaf was derived using the formula WUE = photosynthetic rate/transpiration rate [7] .
Water Relation Parameters.
Relative water content (RWC) was estimated as per the procedures developed by Barrs and Weatherly [8] . To determine water and osmotic potential, leaf samples were collected on the day of observation, wrapped in aluminum foil, and brought to the laboratory in ice box. The leaf samples were stored immediately in a freezer. At the time of estimation, leaf samples were removed from the freezer and thawed at room temperature and the sap was extracted by gently spinning the leaf tissues. The leaf water potential was measured using water potential system model PSYPRO 8 channel connected to C 52-8F sample chamber (Wescor Inc, Utah, USA) while osmotic potential was measured using vapour pressure osmometer (model 5600, Wescor Inc, Utah, USA).
Estimation of Biochemical Constituents.
The total polyphenol content of the leaf extract was determined using the Folin-Ciocalteu method [9] , using Gallic acid as the standard. The concentration of the total phenolics was expressed as the gallic acid equivalent (GAE mg g −1 ) of the lyophilised sample. Reducing sugar was estimated by the dinitrosalicylic acid (DNSA) method, proline was estimated by the sulphosalicylic acid method, and total proteins were estimated using Lowry's method [10] using bovine serum albumin as a standard.
Statistical
Analysis. Data were analyzed using SAS statistical software (version 9.2; SAS Institute, Cary, NC). The least significant difference was used to separate means between different treatments.
Results
Influence of Moisture Stress on Water Relation, Gas
Exchange, and Biochemical Parameters. No significant differences in the photosynthetic rate and transpiration rate were observed during earlier stages of water stress cycle, while with the progress in stress cycle, there was variation in gas exchange parameters in all the rootstocks (Table 1 ). Higher transpiration rate in 1613C, Teleki 5A, Vitis longii, and St. George shows that the internal mechanism in these species is not well adapted to cope with moisture stress conditions. But rootstocks 110R and Dogridge recorded lower transpiration rate at moisture stress which may be attributed to increased availability of water in leaves through maintenance of cell turgidity. Water use efficiency was highest in 110R rootstock at the end of the stress cycle followed by 1103P, B2-56, and Dogridge at 50% moisture stress (Table 2 ). There was reduction in water use efficiency in all the rootstock with the progress of stress cycle. Rootstocks such as Teleki 5A, St. George, 1613C, and Vitis longii did not exhibit any photosynthetic rate on the 21st day of the stress cycle as the leaves must have reached wilting point by that time. Among water relation parameters, relative water content decreased in all the rootstocks at 50% moisture stress with the progress in the stress cycle. At the end of the stress cycle, maximum RWC was recorded on 110R, 1103P, and 99R rootstock, while it was the least on St. George, 1613C, and Vitis longii. Data on osmotic potential indicate the osmotic adjustment in response to moisture stress by accumulation of compatible solutes in the cells to maintain cell turgidity of the cell. Maximum osmotic potential was recorded on 1103P followed by those on Salt Creek, 110R, and 99R. The least osmotic potential was recorded on Dogridge rootstocks.
Phenolic accumulation was highest on 110R and B2/56 rootstocks at the end of stress cycle at 50% moisture stress. There was reduction in the protein content with the advance of stress cycle in all the rootstocks. However, among rootstocks the protein accumulation was highest in 110R, 1103P, and B2/56 at the end of stress cycle while it was the least on 1613C rootstock. Significant difference in accumulation of proline was recorded in different rootstocks at different stages of stress cycle. The unstressed vines recorded very less concentration, while with the progress in stress cycle there was significant increase in accumulation of proline. Highest proline content was recorded in 110R followed by those on 1103P, 99R, B2-56, and Dogridge rootstock, while it was the least on 1613C and Vitis longii (Table 3) .
Influence of Salinity Stress on Water Relation and Biochemical Parameters.
In both salinity levels, there was increase in osmotic potential with the progress in stress cycle with corresponding decrease in water potential (Table 4) . Significant difference was recorded for osmotic potential between two levels of salinity with lowest osmotic potential in 2 dS m −1 on the 5th day while it was highest on the 15th and 25th day. Though there was variation in osmotic potential between two levels of salinity, the values were not significantly different in biochemical constituents such as proteins and phenolic compounds in the beginning of stress cycle. With the progress in stress cycle, there was rapid accumulation of reducing sugars and proteins at 4 dS m −1 level at the end of stress cycle, while highest phenol was recorded at 2 dS m −1 salinity level. At the end of the stress cycle, highest osmotic adjustment in terms of increased osmotic potential was recorded at 2 dS m −1 level rather than at 4 dS m −1 . Significant differences in water relations and biochemical constituents were recorded among rootstock with the progress of stress cycle. There was increase in osmotic potential in most of the rootstocks with the corresponding decrease in water potential with progress of stress cycle. Highest osmotic potential was recorded in 110R, 1103P, B2-56, 99R, and Dogridge in the beginning of salinity stress cycle which maintained the same trend till the end of the stress cycle. The increased osmotic potential was associated with corresponding increase in accumulation of organic compounds such as reducing sugars, proteins, and phenolic compounds in the same rootstock.
Significant differences were recorded among rootstocks in accumulation of reducing sugar, total phenol, and protein level, there was slight decrease in phenolic content even in the resistant rootstocks such as Salt Creek, B2/56, and 110R. Significant interaction effect of salt stress and rootstocks was recorded on the 15th and 25th day of stress cycle with respect to accumulation of most of the organic compounds.
Discussion
Water Relation and Gas Exchange Parameters in response to Moisture and Salinity Stresses.
Relative water content, leaf water potential, and leaf osmotic potential in the beginning of the stress cycle were similar in all the rootstocks suggesting the similar behaviour of all the rootstocks. Their ability to cope with induced moisture stress is evident under 50% stress. The maintenance of high RWC in 110R, 1103P, B2/56, and Dogridge indicates their ability to maintain turgidity even under soil moisture stress conditions. This is evident from high water potential in 110R, 99R, and B2/56 under high salinity conditions at the end of the stress cycle. The lowering of leaf osmotic potential indicates the osmotic adjustment and it varies from rootstock to rootstock. The osmotic potential of rootstocks exposed to 2 dS m −1 salinity levels was higher than that at 4 dS m −1 level indicating nontolerance of International Journal of Agronomy most of the rootstocks to higher salinity levels efficiently. During and Dry [11] reported that lowering of osmotic potential in response to soil moisture stress may help in maintaining required water relation parameters. Schultz [12] also obtained striking differences in the relationship between osmotic potential, turgor potential, water potential, and RWC of grape leaves, which he related to the differences in the apoplastic water content. The rootstocks such as 110R, 1103P, Dogridge, and B2/56 maintained better osmotic adjustment at 50% moisture stress and at 2 dS m −1 salinity stress at the end of the stress cycle as indicated by leaf water potential. The increased osmotic adjustment in these rootstocks has been attributed to increased sugar and other compatible solutes [13] . Similarly water stress reduced both water and turgor potential in grape vines but stressed plants tried to maintain turgor potential by osmotic adjustment. The reduction in leaf water potential induces stomatal closure and increases abscisic acid levels in leaves [14] . In studies on contribution of various mechanisms involved in diurnal changes of osmotic potential in leaves of grape cultivar Victoria under stressed condition, dehydration accounts for 36% of the diurnal changes in osmotic potential in stressed plants. Net accumulation of solutes accounted for 73% of the diurnal changes indicating the occurrence of an active osmotic adjustment during the day in stressed plants [15] . The present investigation also reveals the increased osmotic adjustment in the above-mentioned 4 rootstocks at both moisture and salinity stresses due to accumulation of organic solutes. Zhongqun et al. [16] in their studies on the osmotic adjustment in tomato subjected to sodium chloride stresses recorded higher accumulation of soluble sugars, proteins, and proline under salinity resulting in greater osmotic adjustment in saline conditions. Some of the rootstocks in the present study such as 1613C, St. George, and Vitis longii showed wilting symptom at 50% moisture stress at the end of the stress cycle which may be attributed to their reduced RWC in leaves due to less accumulation of osmolytes resulting in loss of turgidity in cells.
The marginal reduction in photosynthesis and greater reduction in transpiration rate under moisture stress may be due to reduced stomatal conductance in most of the rootstocks which is similar to findings of Reynolds and Naylor [17] , where transpiration rate and stomatal conductance reduced progressively with increase in duration of water stress in grapevines. Lakso [18] also reported the marginal reduction in photosynthesis and greater reduction in transpiration rate in grape vines under moisture stress conditions. The marginal reduction in photosynthesis and greater reduction in transpiration rate in rootstocks 110R, 1103P, B2/56, 99R, and Dogridge must have resulted in increased WUE. Similar increase in WUE at decreased water potential was reported by Behboudian et al. [19] in pistachio varieties.
Vines that are mildly water stressed tend to be more water-use efficient than unstressed vines because transpiration is reduced more than photosynthesis [20] . This might explain the maintenance of high water use efficiency in rootstocks such as 110R, 1103P, 99R, and B2/56 and to some extent in Dogridge. The reduced WUE in susceptible cultivars such as 1613C, St. George, and Vitis longii must have resulted in reduced accumulation of biomass thus showing wilting symptoms at the end of the stress cycle. Biomass reduction caused by salinity and drought is associated with equivalent reduction in transpiration [21] .
Biochemical Parameters in response to
Moisture and Salinity Stresses. Under salt stress conditions higher plants accumulate several organic osmolytes and inorganic ions (mostly K and Ca) to make higher osmotic adjustment and to maintain a favourable gradient for water flow from soil to roots [22] . This increased accumulation of organic and inorganic compounds in response to abiotic stresses might have resulted in improved stress tolerance [23] . Some of the osmoprotectants which commonly accumulate in crop plants are sugars, amino acids (proline), and quaternary ammonium compounds (glycine betaine).
Other compounds which are known as stress indicators in several plant species are phenolic compounds. Leaf phenolic contents are important protective components of plant cells. The potential of phenolics to act as an antioxidant is mainly due to their properties to act as hydrogen donators, reducing agents and quenchers of singlet O −2 [24] . The synthesis of phenolic compounds is affected either positively or negatively in response to abiotic or biotic stresses [25] . We could observe variation among rootstocks in accumulation of several biochemical compounds in response to both moisture and salinity stresses. Accumulation of phenolic compounds was highest in 110R rootstock at the end of the stress cycle which increased with the progress of stress cycle. But, in rootstocks 1103P, B2/56, and 99R there was slight reduction in phenolic contents in the order next to that of 110R. Rootstocks 1613C and St. George recorded minimum content of phenols towards the end of the stress cycle.
The present investigation with respect to accumulation of phenols in drought tolerant grape rootstocks is similar to the findings of Dostanova et al. [26] and Latha et al. [27] , where in the tolerant genotypes showed a higher level of total phenols and significant reduction was observed in susceptible genotypes. Thus, phenol accumulation in tolerant genotypes could be a cellular adaptive mechanism for scavenging the free radicals of oxygen and preventing subcellular damage during stress.
The drastic increase in the content of proline was observed in most of the rootstocks though the concentration varied among them. Rootstocks 1103P, 110R, 99R, B2/56, Dogridge, and Salt Creek recorded highest concentration of proline at the end of the stress cycle while the least was in 1613C and Vitis longii. Proline in addition to its role as an osmolyte and a reservoir of carbon and nitrogen has been shown to protect plants against free radical induced damage [28] .
Some of the other biochemical compounds which are known to accumulate in response to these stresses are proteins. Accumulation of several types of proteins is also one of the strategies by which plants adapt to abiotic stress conditions such as drought and salinity. Though there was reduction in protein content in most of the rootstocks with progress in moisture stress cycle, some of the rootstocks such as 110R, 1103P, and B2/56 accumulated considerably higher concentration of proteins, which also recorded highest RWC and water potential indicating their tolerance to moisture stress. Similarly under high saline conditions of 4EC there was increased accumulation of proteins in some rootstocks such as Salt Creek, B2-/56, 110R, and Dogridge. Similar findings were reported in other crop plants regarding accumulation of proteins under conditions of abiotic stresses. In sugar cane a specific protein of 18 kDa was found in leaves of drought tolerant cultivars which were not identified in sensitive cultivars [29] . Similarly in Barley, increased salinity concentration increased the protein concentration from 2.5 to 3.0 folds than in control. The elevated protein content was attributed to the results of a general increase in most polypeptides and a pronounced increase in the abundance of specific polypeptides of apparent molecular markers.
The accumulation of reducing sugar exhibited a different trend wherein there was slight reduction in reducing sugar in most of the rootstocks at the middle of moisture stress cycle which increased later with the progress of the cycle. There was increased accumulation of sugars in rootstock Vitis longii which showed reduced RWC during that period. Water soluble carbohydrates and fructans are the sensitive markers for the selection of tolerant genotypes under salt stress [30] . Salt tolerant genotypes of wheat accumulated more carbohydrates compared to sensitive genotypes. High carbohydrates concentration under salt stress prevents plants from oxidative damage and also maintains the structure of proteins [31] . The three-fold increase in sugar content in Vitis longii at the end of moisture stress cycle under stress conditions in spite of its lower RWC and less turgidity indicates that higher accumulation of sugars than a particular concentration is injurious to plants resulting in morphological deformities such as stunted growth and chlorotic and necrotic leaves. Similarly under salinity stress conditions some of the susceptible rootstocks exhibited increased accumulation of reducing sugar at 4 dS m −1 level than that of resistant cultivars.
Conclusion
Two separate experiments were conducted to evaluate the response of grape rootstocks to imposed moisture stress and salinity conditions. It is clearly shown that rootstocks exhibited significant variation among gas exchange parameters and water relation parameters. Rootstocks belonging to Vitis berlandieri × Vitis rupestris (110R, 1103P, 99R, and B2/56) showed better osmotic adjustment and increased water use efficiency followed by the rootstocks belonging to Vitis champinii species (Dogridge and Salt Creek). Accumulation of high phenols in resistant rootstocks can be one of the indicators for screening rootstocks for abiotic stresses studied. From both studies it is clear that rootstocks belonging to Vitis berlandieri × Vitis rupestris have better tolerance mechanisms to salinity and moisture stress. Further, studies are needed to evaluate performance of those rootstocks to combined effect of moisture stress and soil salinity. In-depth study with respect to influence of rootstocks on grafted scions under conditions of salinity and moisture stress will help to recommend better salt and drought tolerant rootstocks for semiarid tropical grape growing regions of India.
